Stimulation of full-grown amphibian oocytes with progesterone initiates a nontranscriptional signaling pathway that converges in the activation of Cdc2/cyclin B and reentry into meiosis. We observed that cholesterol depletion mediated by methyl-beta-cyclodextrin (MbetaCD) inhibited meiotic maturation, suggesting involvement of membrane rafts. In the present study, we further characterized caveolae-like membranes from Rhinella arenarum oocytes biochemically and functionally. The identification by mass spectrometry of a nonmuscle myosin heavy-chain associated with caveolar membranes showed evidence of direct involvement of the underlying cytoskeletal environment in the structure of oocyte rafts. Biophysical analysis using the fluorescent probe Laurdan revealed that MbetaCDmediated cholesterol depletion affected membrane lipid order. In line with this finding, cholesterol removal also affected the localization of the raft marker lipid GM1. Results demonstrated that ceramide is an effective inducer of maturation that alters the distribution of the raft markers caveolin-1, SRC, and GM1, while progesterone seems not to affect membrane microdomain integrity. Cholesterol depletion had a greater effect on ceramide-induced maturation, thus suggesting that ceramide is an inducer more vulnerable to changes in the plasma membrane. MbetaCD treatment delayed tyrosine phosphorylation and MAPK activation in progesterone-induced maturation. Functional studies regarding tyrosine phosphorylation raise the possibility that the hormone receptor is located in the nonraft membrane in the absence of ligand and that it translocates to the caveola when it binds to progesterone. The presence of raft markers and the finding of signaling molecules from MAPK cascade functionally associated to oocyte light membranes suggest that this caveolae-rich fraction efficiently recreates, in part, maturation signaling.
INTRODUCTION
Amphibian full-grown ovarian oocytes are physiologically arrested at G 2 /M transition of the first meiotic division with their nuclear envelopes (or germinal vesicle envelopes) intact. In a process called maturation, the steroid hormone progesterone induces meiotic resumption, which is commonly evidenced by germinal vesicle breakdown (GVBD). Maturation is initiated by the binding of progesterone to an as-yetunidentified membrane receptor, which results in the inhibition of adenylyl cyclase [1] and the decrease in cAMP levels [2] . Several studies suggest that classical progesterone receptor is responsible for this rapid nontranscriptional response [3, 4] . Progesterone stimulus up-regulates the translation and gradual accumulation of the protein kinase MOS, a germ cell-specific homologue of RAF [5] . The biological activity of MOS is based mainly on the activation of the mitogen-activated protein kinase (MAPK) cascade through the phosphorylation of the MAPK-activating kinase MAP2K1, which in turn, activates p42 MAPK (or MAPK1) [for reviews, see references 6 and 7] . MAPK cascade plays a dominant role in the activation of M phase-promoting factor (MPF), a complex between cyclin B and the cyclin-dependent kinase Cdc2. Other mechanisms that also regulate MPF activation involve either Cdc2 dephosphorylation by the phosphatase Cdc25C or newly synthesized cyclin B [8] .
Meiosis reinitiation can also be induced by insulin and insulin-like growth factor-1 in vitro [9] . In the past 10 yr, a research group has proposed that other steroids such as androgens appear to be the primary physiological mediators of maturation in amphibians [3, 10] . Previous findings have also demonstrated that treatment with either sphingomyelinase (SMase) or soluble forms of ceramide induces meiosis resumption in Xenopus laevis and Rana pipiens oocytes [11] [12] [13] . Progesterone triggers enzyme activations that modify plasma membrane fluidity and release a cascade of lipid messengers, such as ceramide [12] and multiple diacylglycerol species [14, 15] . In X. laevis oocytes, ceramide-induced maturation is associated with the release of intracellular calcium stores resulting from the activation of inositol 1,4,5-triphosphate (IP 3 ) receptor [16] . Coll et al. [11] showed that the topology of ceramide generation determines its effects on the fate of oocytes, leading to apoptosis if ceramide is generated intracellularly by neutral SMase microinjection. On the other hand, ceramide can be generated not as an apoptotic signal molecule but as a modulator of membrane structure and dynamics [17] .
Plasma membrane, as the site of hormonal stimulus, and signal molecules closely related to the membrane are key to the nongenomic regulation model of oocyte maturation. In this respect, the participation of molecules such as RAS and RAF is still controversial. It was found that both BRAF and RAF1 rather than MOS are required for RAS-induced MAP2K1 and p42 MAPK activation in X. laevis egg extracts [18] . Other pathways involve SRC family kinases, which may couple to MAP2K1 and p42 MAPK via RAF1 [19] . SRC kinase increases its activity in the plasma membrane-containing fraction of X. laevis oocytes and acts through the MAPK pathway to accelerate oocyte maturation [20] . On the other hand, the activation of the PIK3/AKT pathway through HRAS is functional in X. laevis oocytes, although it is physiologically questioned [21] .
The functional organization of these signal transducers in specialized membrane rafts such as caveolae could provide an advantageous site for progesterone action leading to meiotic maturation. In agreement with this, the SRC family kinases [22] , RAS [22, 23] , adenylyl cyclase [24] , and PIK3 [25] have been shown to be enriched in caveolae. Furthermore, detergentresistant membranes (DRM) isolated from X. laevis eggs might function as subcellular microdomains for tyrosine kinase signaling in fertilization [26] [27] [28] . It also has been reported that the treatment of X. laevis oocytes with the cholesteroldepleting drug methyl-b-cyclodextrin (MbCD) stimulates meiotic maturation via MOS/MAPK and releases Ga s from plasma membrane, although investigators originally hypothesized that cholesterol depletion inhibits the steroid-induced response [29, 30] . On the other hand, it was demonstrated that caveolar microdomains enriched in cholesterol have an essential role in meiotic progression of the Caenorhabditis elegans germ line [31] .
Previously, we obtained a detergent-free light membrane fraction from Rhinella arenarum (as Bufo arenarum) oocytes enriched in cholesterol and in 21-kDa caveolin, indicating the presence of caveolae-like structures [32] . It was observed that MbCD-mediated cholesterol depletion inhibits meiotic maturation in a dose-dependent manner and affects the localization of the raft markers caveolin-1 and SRC. In contrast, cholesterol repletion showed a recovery of the ability of MbCD-treated oocytes to mature. Results suggested that these membrane microdomains are involved in hormonal induction.
In the present study, we further characterized caveolae-like membranes from Rh. arenarum oocytes biochemically and functionally. To this end, mass spectrometry was used to identify a protein band associated with these low-density membranes, and cholera toxin was used to detect the presence of the raft marker lipid GM1. The treatment of oocytes with MbCD was performed to determine whether changes in the localization of GM1 could be indicative of membrane raft disorganization. The fluorescent probe Laurdan [6-dodecanoyl-2-(dimethylamino)naphthalene] was used to study the effect of MbCD-mediated cholesterol depletion on the biophysical properties of oocyte membranes. Ceramide and SMase were compared to progesterone in terms of their ability to induce GVBD in Rh. arenarum oocytes. The effect of maturation on the localization of molecular raft markers was analyzed in oocyte membrane fractions. The effects of tyrosine kinase and SRC inhibition on maturation and MAPK activation were also studied. Finally, we evaluated the involvement of caveolae-like membranes in the progesterone signaling pathway, putting particular emphasis on the functionality of tyrosine phosphorylation.
MATERIALS AND METHODS

Experimental System
Mature females of the toad species Rh. arenarum (Hensel, 1867) were collected in Bahía Blanca, Argentina, and maintained in a moist chamber until used. The species that is presently called Rh. arenarum was until recently called Bufo arenarum. Many species formerly included in the genus Bufo have recently been included in other genera according to the new taxonomy [33] . Investigations were conducted in accordance with the Guidelines for Use of Live Amphibians and Reptiles in Field and Laboratory Research by the American Society of Ichthyologists and Herpetologists. Euthanasia was carried out according to the method of Close et al. [34] . The ovarian tissue was surgically removed and transferred to ND 96 solution (96 mM NaCl, 1 mM MgCl 2 , 2 mM KCl, 5 mM HEPES, pH 7.4). Only those ovaries containing a large population of full-grown oocytes were used. Full-grown prophasearrested oocytes (1.7-to 1.8-mm diameter), which were labeled stage V according to Valdéz Toledo and Pisanó [35] , were isolated with a watchmaker's forceps under a stereotaxic microscope.
MbCD Treatment
To deplete cellular cholesterol, full-grown ovarian oocytes were treated with 25 mM of MbCD (Sigma, St. Louis, MO) at room temperature (258C) for 60 min as described by Sato et al. [28] .
Progesterone Induction of Oocyte Maturation
Maturation was induced by incubation of full-grown ovarian oocytes in ND 96 solution with progesterone (Sigma), 5 lg/ml final concentration, for 16 h, while control oocytes were incubated in ND 96 solution without progesterone for the same period of time. The criterion used for a successful induction of meiosis reinitiation was verification of the GVBD as ascertained by dissection of heat-fixed oocytes.
All experiments were carried out with oocytes from clutches in which we first checked that GVBD did occur with a frequency higher than 90% after progesterone treatment. No spontaneous nuclear membrane breakdown was observed in Rh. arenarum oocytes that had not been treated with progesterone.
Incubation of Ovarian Oocytes with Synthetic Ceramides
Full-grown oocytes arrested in meiosis I were incubated at 228C for 24 h with either C 2 -ceramide (C 2 -Cer; Sigma) or the corresponding dihydroceramide (C 2 -dhCer; Sigma), both of which were solubilized in dimethylsufoxide (DMSO) and added to ND 96 solution at different concentrations (15, 25, 50 , 100, and150 lg/ml) as described for R. pipiens by Morrill and Kostellow [12] . C 2 -dhCer in DMSO was used as negative control. At the highest concentration assayed, DMSO concentration did not exceed 2%. The criterion used for a successful induction of meiosis resumption was the same as that for progesterone treatment.
Incubation of Ovarian Oocytes with a Neutral SMase from Bacillus cereus
An assay protocol for X. laevis oocytes [11] was followed with minor modifications. Briefly, full-grown ovarian oocytes arrested in meiosis I were incubated for different times (20 min and 1, 3, 6, 9, and 16 h) with Mg 2þ -dependent neutral SMase from Bacillus cereus (0.25 U/ml; Sigma) in ND 96 saline solution at 238C with gentle agitation. Oocytes were washed, and GVBD was verified. Because the highest percentages of GVBD are registered after 16 h of treatment with progesterone, a parallel assay was carried out. After incubation with the enzyme (for 20 min and 1, 3, 6, and 9 h), oocytes were washed and left in ND 96 solution until completing 16 h. At the 16-h time point, groups of oocytes were heat fixed and dissected to verify GVBD. To determine sphingomyelin (SM) levels, lipids from other samples were extracted with a chloroform-methanol solution (2:1, v/v) [36] at the indicated time points of both assays.
Subcellular Fractionation
Membrane fractions were isolated according to an assay protocol for X. laevis oocytes [37] . Two hundred oocytes were lysed in ice-cold TNE buffer (10 mM Tris-HCl, pH 7.4, 150 mM NaCl, 5 mM EDTA) with protease inhibitors (10 lg/ml aprotinin, 20 lg/ml leupeptin, 1 mM PMSF). Oocyte homogenates were sonicated in a cold bath at 50 Hz, 240 V, and 125 W (Branson B-220 unit; Smith Kline Co.) for 1 min. After the sample underwent 3-h ultracentrifugation on a discontinuous sucrose gradient in a SW41 Beckman rotor at 100 000 3 g and 48C (Optima L-90K Ultracentrifuge; Beckman Coulter) three membrane fractions were isolated. Each band was collected and diluted at least fourfold with TNE buffer and centrifuged at 200 000 3 g for 30 min at 48C. Membrane pellets were resuspended in FUNCTIONAL CAVEOLAR DOMAINS IN OOCYTE MATURATION 809 electrophoresis buffer or in buffers adequate for Laurdan measurements and phosphorylation assay.
Immunoblotting Detection of the Molecular Raft Markers Caveolin-1, SRC, and HRAS
The proteins contained in sucrose gradient fractions were resolved by SDS-PAGE following the method of Laemmli [38] . Proteins in the gel were visualized by Coomassie staining or transferred to a polyvinylidene difluoride (PVDF) membrane (Immobilon-P; Millipore, Bedford, MA) by using a MiniTrans-Blot electrophoretic transfer cell (Bio-Rad Life Science Group, Hercules, SA) for 1h. The blot was stained with 0.5% Ponceau S in 1% acetic acid to visualize proteins and/or subjected to immunoblotting. Membranes were blocked overnight at 48C with TBS-T buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.05% Tween-20) supplemented with 0.5% bovine serum albumin (BSA) and 5% nonfat dry milk. Immunoblotting detection was performed using a 1:1000 dilution of rabbit polyclonal anti-human caveolin p21 (Transduction Laboratories, Lexington, KY) or a 1:3000 dilution of mouse monoclonal antihuman Src (H-12; Santa Cruz Biotechnology, CA) or a 1:100 dilution of rat monoclonal anti-human H-Ras (259; Santa Cruz Biotechnology) at room temperature for 2 h. Incubation with secondary antibodies was performed at room temperature for 2 h using a 1:5000 dilution of goat anti-rabbit (Transduction Laboratories) or goat anti-mouse immunoglobulin G (IgG; Santa Cruz Biotechnology) or goat anti-rat IgG (Santa Cruz Biotechnology). In all cases, secondary antibodies were conjugated to horseradish peroxidase (HRP). Immunoreactive bands were detected using the enhanced chemiluminescence Plus Western blotting kit (GE Healthcare Ltd., U.K.).
Immunoblot Detection of the MAPK Cascade Proteins MAP2K1, Phospho-MAPK1, and MAPK1
At the indicated time points, groups of 20 full-grown ovarian oocytes were removed from treatment groups and homogenized at 48C with TNE buffer containing protease inhibitors. The homogenates were collected in 1.5-ml conical tubes, centrifuged at 10 000 3 g for 5 min, and 150 ll of supernatant was added to an appropriate volume (1:1) of Laemmli buffer (23) [39] . The samples were boiled at 958C-1008C for 5 min, and the proteins contained in 10 ll of the extracts were resolved by SDS-PAGE [38] . Involvement of the MAPK pathway was also evaluated in membrane fractions isolated according to the method of Luria et al. [37] .
Immunoblotting detection of MAP2K1 was performed in PVDF-membranes blocked for 1 h at room temperature with TBS-T buffer supplemented with 5% BSA. Antibody incubation was carried out at 48C overnight, using a 1:1000 dilution of rabbit polyclonal anti-human MAP2K1/2 (MEK1/2) (Cell Signaling Technology, Inc., MA). Phospho-MAPK1 (pMAPK1) was detected in PVDF membranes blocked at 48C overnight with TBS-T buffer supplemented with 0.5% BSA by using a 1:500 dilution of rabbit polyclonal anti-human phospho-ERK1/2 (pERK) (Santa Cruz Biotechnology) for 2 h at room temperature. After pMAPK1 detection, membranes were stripped with gentle shaking in stripping buffer (62.5 mM Tris-HCl, pH 6.8, 2% SDS, 100 mM b-mercaptoethanol) for 30 min at 558C and reprobed with a 1:500 dilution of rabbit polyclonal anti-rat ERK2 (Santa Cruz Biotechnology) to detect total levels of MAPK1. Secondary antibody incubation was performed at room temperature for 2 h using a 1:5000 dilution of goat anti-rabbit conjugated to HRP (Transduction Laboratories). Immunoreactive bands were revealed by chemiluminescence.
In-Gel Digestion and Mass Spectrometry
A protein band of interest (225 kDa) associated with oocyte light membranes was excised manually from the gels under sterile conditions and digested ''in-gel'' with trypsin (sequence grade porcine; Promega, Madison, WI) [40] . The peptide mixture was analyzed by tandem mass spectrometry electrospray ionization (ESI/MS/MS) at the Facility for Peptide and Protein Sequencing (LANAIS-PRO, University of Buenos Aires-CONICET). Samples were loaded onto a Vydac C 18 (1 3 200 mm) column and gradient eluted into a Thermo Finnigan LCQ DUO-trap mass spectrometer (Thermo-Quest, San José, CA). Positive ions were analyzed using ESI and MS and MS/MS data acquired in the data-dependent mode. The three most intense precursor ions were selected for fragmentation by using collision-induced dissociation. The ESI sheath gas was operated at 40 units, the heated capillary temperature at 2008C, and the spray voltage at 4.5 kV. XCALIBUR version 1.3 software was used.
Protein identification was performed by using MASCOT and Sequest software, using SwissProt and Mass Spectrometry protein sequence DataBase (MSDB) without taxonomy restriction.
Determination of Tyrosine Phosphorylation by Western Blotting and Protein Kinase Assay
Tyrosine phosphorylation was studied in whole oocytes and membrane fractions under different experimental conditions. In addition to protease inhibitors, the inhibitor of tyrosine phosphatases, Na 3 VO 4 (1 mM), was also incorporated in the homogenization buffer. Proteins were resolved by SDS-PAGE [38] , and PVDF membranes were blocked overnight at 48C with TBS-T buffer supplemented with 5% BSA. Immunoblot detection was performed using a 1:200 dilution of mouse monoclonal anti-phosphotyrosine (pTyr) antibody (PY99; Santa Cruz Biotechnology) overnight at 48C. A 1:5000 dilution of the secondary antibody goat anti-mouse IgG-HRP (Santa Cruz Biotechnology) was incubated at room temperature in TBS-T buffer supplemented with 0.5% BSA for 2 h. Immunoreactive bands were revealed by chemiluminescence. To evaluate the effect of tyrosine kinase inhibition on maturation, oocytes were preincubated with genistein (100 and 300 lM) or a 1:1000 dilution of Src inhibitor (Santa Cruz Biotechnology) for 60 min. Progesterone was added, and coincubation was carried out for 2, 4, 6, 8, and 16 h. Daidzein (Santa Cruz Biotechnology) was used as a negative control for genistein. At the maximum concentration of genistein or daidzein assayed, DMSO concentration did not exceed 0.3%.
In vitro protein kinase (PTK) assay was performed to study tyrosine kinase activity as well as to confirm the localization of these proteins in oocyte light membranes. Light membranes (50 lg of protein) isolated from ovarian fullgrown oocytes were preincubated for 10 min at room temperature in phosphorylation buffer (50 mM Tris-HCl, pH 7.5, 5 mM MgCl 2 , 1 mM dithiothreitol, 200 lM Na 3 VO 4 ) and were subsequently incubated with 1 mM ATP in the absence or presence of progesterone (5 lg/ml), prepared in the same buffer, for 5, 15, and 30 min at 308C (final volume of incubation, 45 ll). The effect of SRC kinase inhibition was analyzed in the presence of 1:100 dilution of SRC inhibitor. The reaction was stopped by the addition of 15 ll of Laemmli buffer (43) . Proteins were separated by SDS-PAGE and analyzed by Western blotting using an anti-pTyr antibody (PY99; Santa Cruz Biotechnology) as described above.
Lipid Analysis
Lipids from total homogenates were extracted with a chloroformmethanol solution (2:1, v/v) as described by Folch et al. [36] . Phospholipids were separated by two-dimensional thin-layer chromatography (TLC) on silica gel H (Merck, Germany) according to the method of Rouser et al. [41] . Phosphatidylcholine (PC) and SM were located by iodine vapors, the silica was scraped off, and phosphorus was quantified after digestion with perchloric acid. The total amount of phospholipids was measured from a lipid extract [41] . During all the procedures followed (lipid extraction, solvent evaporation, TLC spotting, and drying), lipids were kept in a nitrogen atmosphere. All organic solvents were of analytical grade.
To determine GM1 ganglioside levels, equal protein amounts (quantified using the DC protein assay [Bio-Rad Life Science Group]) of each membrane fraction were diluted in 0.1 N NaOH and dot blotted on nitrocellulose membranes (UniSart 0.22 lm, catalog no. 11327-160-110-N; Sartorius) previously soaked in Tris-buffered saline (TBS) (20 mM TrisHCl, pH 7.5, 150 mM NaCl) for 20 min. After protein transfer, the nitrocellulose membrane was completely dried at room temperature for 2 h, blocked overnight at 48C with 2% nonfat dry milk in TBS-T, and incubated with cholera toxin subunit B conjugated to HRP (HRP-CTB; Sigma) (1:40 000 dilution in TBS-0.1% BSA) for 45 min at room temperature. Specific binding toxin-GM1 was revealed by chemiluminescence. Purified GM1 (Sigma), 8.32 ng/ll in chloroform-methanol solution (1:1, v/v) was used as a positive control and to estimate ganglioside content in the samples [42] . Images were scanned and quantified by densitometry using ImageJ software [43] .
Fluorescence Measurements
Fluorimetric measurements were performed with an SLM model 4800 fluorimeter (SLM Instruments, Urbana, IL) using a vertically polarized light beam from a Hannovia 200-W Hg/Xe arc lamp obtained with a GlanThompson polarizer (4-nm excitation and emission slits) and 10-3 10-mm quartz cuvettes. Emission spectra were corrected for wavelength-dependent distortions. Temperature was set with a thermostat-controlled circulating water bath (Haake, Darmstadt, Germany).
Laurdan (Molecular Probes, Eugene, OR) was added to the samples from an ethanol solution to give a final probe concentration of 0.3 lM. The amount of organic solvent was kept below 0.1%. Samples were incubated in 
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Other Analytical Methods
Protein amounts were determined using DC protein assay (Bio-Rad Life Science) prior to lipid extraction.
Statistical Analysis
Statistical analysis was carried out using SPSS version 15.0 software (SPSS, Inc., Chicago, IL). ANOVA was used to determine differences among mean values, which were then compared using the posthoc tests of multiple comparisons Bonferroni or Fisher least significant difference (LSD). The Student t-test was used to establish differences between two mean values. The Levene test was carried out to verify homogeneity of variances. Percentages of maturation were analyzed using arcsine transformation and are therefore represented by back-transformed mean values and back-transformed 95% confidence intervals (CI). Values represent the mean 6 SD when analysis is descriptive and mean 6 SEM when hypotheses are raised. Sample size is indicated in the legend of each figure.
RESULTS
Identification of a Low-Density Membrane-Associated Protein by Mass Spectrometry
In a previous study [32] , we isolated three membrane fractions from amphibian oocytes by using a detergent-free method [37] . Light membranes (L) derive from the plasma membrane and are enriched mainly in low-density caveolaelike domains; heavy membranes (H) are enriched in noncaveolar plasma membrane (H); and extra heavy membranes (EH) correspond to intracellular components [32] . Proteins contained in sucrose gradient fractions isolated by ultracentrifugation were resolved by 12.5% SDS-PAGE and stained by Coomassie staining. A band with a molecular mass of ;225 kDa systematically enriched in L membranes was identified by in-gel tryptic digestion followed by ESI/MS/MS and database searches.
Several of the masses obtained matched well with those predicted for Homo sapiens nonmuscle myosin heavy chain (MYH9, human myosin-9; SwissProt database) ( Table 1 ). The conventional myosin (myosin II) molecule consists of a dimer of two heavy chains of ;200 kDa noncovalently associated with two pairs of light chains of ;20 and ;17 kDa [46] . The molecular mass of such a protein agrees very well with the relative molecular size (;225 kDa) estimated by SDS-PAGE. With the use of MASCOT software, both SwissProt and MSDB showed a significant match with human nonmuscle heavy chain. Although the SwissProt database does not include X. laevis myosins, a search of the MSDB detected three peptides with a significant match with nonmuscle myosin II heavy chain A of X. laevis (Table 1) . Peptides with the highest score from mass fragment spectra are shown in Figure 1 for human and amphibian nonmuscle myosins.
Distribution of the Raft Marker Lipid GM1 in Oocyte Membrane Fractions
Gangliosides are glycosphingolipids that contain sialic acid in their structure. Ganglioside GM1, the cholera toxin receptor, has been extensively used as a marker for raft domains [42, 47, 48] . To determine the presence of GM1 in oocyte membrane fractions, equal amounts of proteins were transferred to a nitrocellulose membrane that was incubated with cholera toxin subunit B conjugated to HRP. A GM1 standard was used to estimate ganglioside content in the samples and as positive control [42] . Levels of GM1, determined by dot blot, indicated that the ganglioside was present mainly in the L and H plasma membrane fractions (Fig. 2A) . As shown in Figure 2B , oocyte We have previously shown that MbCD treatment alters the localization of caveolin-1 and SRC among oocyte membrane fractions, indicating membrane raft disorganization [32] . To assess whether MbCD treatment also affects GM1 localization, we isolated L, H, and EH fractions from oocytes treated with 25 mM MbCD. Levels of GM1 showed that after drug treatment, the signal decreases (;19%) in the L fraction (Fig.  3A) . While under control conditions, the L fraction was found to be enriched in GM1 with respect to the other two fractions, after MbCD treatment, no significant differences were observed between GM1 levels in L and those in H fractions (Fig. 3B) . Signal relocation as observed in caveolin and SRC after drug treatment [32] was not registered in GM1.
Effect of MbCD Treatment on the Biophysical State of Oocyte Membrane Fractions
In order to study the effect of MbCD treatment on the biophysical properties of membranes from ovarian oocytes, we carried out fluorescence studies using the fluorescent probe Laurdan. In the presence of dipoles, Laurdan has the characteristic of undergoing a dipolar relaxation process that is shown by a red spectral shift of the fluorescence emission. The principal dipoles sensed by Laurdan in the membrane are water molecules. Thus, differences in water content in the hydrophilic-hydrophobic interface region of the membrane correlate with differences in solvent dipolar relaxation, and these differences are indirectly related to variations in membrane lipid order. The exGP value was calculated from emission spectra of Laurdan, taking into account two characteristic emission maxima corresponding to the gel phase (430 nm) and to the liquid crystalline phase (490 nm, presence of a larger amount of dipoles in the membrane) [44, 45] . To analyze biophysical alterations caused by cholesterol removal, the probe was excited at 290 nm and 360 nm, thus allowing calculation of two types of GP values, either by FRET or by direct excitation, respectively. Under FRET conditions, tryptophans from proteins behave as donor chromophores, while Laurdan molecules behave as acceptor chromophores. Because the efficiency of this process depends on the distance between donor and acceptor molecules, FRET-derived GP values provide information about the biophysical characteristics of the lipid microenvironment close to proteins. On the other hand, GP values obtained by direct excitation provide information about the lipid order from the entire membrane. Laurdan probe was added to L and H membranes isolated from oocytes previously treated with MbCD. GP values obtained either by direct excitation (Fig. 4A ) or by FRET (Fig. 4B ) displayed similar trends as a function of temperature. As expected for native membranes of complex lipid composition, GP values gradually decreased when temperature was varied from 58C to 408C without a thermotropic phase change. GP values were higher in L fraction than in H fraction, indicating a higher membrane lipid order, in agreement with the enrichment in cholesterol of these low-density membranes. MbCD treatment caused a decrease in the GP value of L membranes, which corresponds to a greater penetration of water molecules and indicates a decrease in membrane lipid order. This effect correlates with previous cholesterol measurements of L membranes isolated from MbCD-incubated oocytes in which a significant decrease of cholesterol was registered [32] . In contrast, GP values of H membranes increased after MbCD treatment under FRET and direct excitation conditions (Fig. 4) . However, this variation in GP values was not evident in an increase of cholesterol in H fraction when it was quantified enzymatically. These results suggest that MbCD treatment removes the cholesterol localized preferably in L membranes. This effect may induce the migration of other characteristic components of these low-density membranes toward H membranes, increasing L membrane fluidity and decreasing H membrane fluidity. As a consequence of microdomain disorganization by MbCD treatment, both of the plasma membrane fractions become more similar, and this is evident in their biophysical states.
Effect of Ceramide and Sphingomyelinase Incubation on Induction of Oocyte Maturation
Progesterone action on plasma membrane triggers a series of enzyme activations that modify its fluidity and release a cascade of lipid messengers such as ceramide and multiple diacylglycerol species. It has been observed that both soluble ceramides and SMases reinitiate meiosis in R. pipiens and X. laevis oocytes [11] [12] [13] . In order to evaluate the possible effect of ceramide as an inductor of GVBD in Rh. arenarum, oocytes physiologically arrested in meiosis I were incubated for 24 h with C 2 -Cer or with the corresponding dihydroceramide, both solubilized in DMSO and added to a saline solution at different concentrations (15, 25, 50 , 100, and 150 lg/ml) as described for R. pipiens by Morrill and Kostellow [12] . More than 50% of the oocytes revealed nuclear breakdown at 100 lg/ml of exogenous ceramide, with a maximal response at 150 lg/ml, without evidence of cytotoxicity (Fig. 5A) . Ceramide-induced maturation showed a dose-dependent behavior. In the concen- 
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trations assayed, the inactive form of soluble ceramide (C 2 -dhCer) and DMSO caused a low percentage of GVBD.
We have previously shown that Rh. arenarum oocyte progesterone-induced maturation is inhibited by cholesterol depletion induced by MbCD [32] . To evaluate the possible involvement of membrane rafts in ceramide-induced maturation, oocytes were pretreated with MbCD and then incubated with ceramide to induce maturation (Fig. 5B) . Under these conditions, GVBD was significantly inhibited. While treatment with MbCD at 25 mM was found to reduce GVBD by 23% in oocytes incubated with progesterone [32] , ceramide-induced maturation was inhibited by ;39% (two-factor ANOVA, significant interaction, P ¼ 0.0512). This suggests that induction of maturation by ceramide is more sensitive to membrane disturbances caused by MbCD.
Progesterone activates Mg 2þ -dependent neutral SMase, thus inducing an increase in the mass of the ceramide derived from the hydrolysis of sphingomyelin [13] . Prophase-arrested oocytes were incubated for different times (20 min and 1, 3, 6, 9, and 16 h) with Mg 2þ -dependent neutral SMase from B. cereus to determine if the decrease in sphingomyelin at the plasma membrane level and the concomitant generation of endogenous ceramides have similar effects on GVBD induction to that obtained by the incubation with synthetic ceramides. After 16 h, incubation with SMase induced GVBD to a level similar to that of progesterone but with slower dynamics (Fig. 5C ). GVBD 50 (the time required for 50% of oocytes to manifest nuclear breakdown) was approximately 11.5 h with the enzyme, while the response to progesterone was faster (GVBD, ;8.5 h). Given that the highest percentages of GVBD were registered after 16 h of treatment with the hormone, a parallel assay was carried out. Apart from incubation with the enzyme, an extra period of time could be required for the system to show evidence of GVBD. After incubation with SMase (20 min and 1, 3, 6, and 9 h), oocytes were washed and left in the ND 96 saline solution until fully completing 16 h (Fig. 5D) . At the 16-h time point, all groups of oocytes were heat fixed and dissected to determine GVBD. Five hours of treatment with SMase were required for 50% of the oocytes to display GVBD (Fig. 5D) , i.e., less than half the time required to achieve the same response considering only the time of incubation with the enzyme (Fig. 5C ). The maximal response (GVBD, ;91%) was registered at 16 h of incubation with the enzyme. Unlike SMase treatment, in X. laevis oocytes it has been determined that a very short time of exposure to progesterone is sufficient to stimulate maturation [30] .
To confirm the effect of SMase on SM hydrolysis, lipids were extracted from oocytes with chloroform-methanol solution (2:1, v/v) at all time points assayed. In addition, to corroborate the fact that there were no differences in the content of SM between the oocytes processed immediately after enzymatic incubation and those that remained in the saline Comparison of means was performed using Bonferroni test. Different letters (a-d) denote significant differences (P , 0.05) among all time points assayed. In all experimental conditions, successful induction of meiosis reinitiation was verified by GVBD and percentages of maturation were analyzed using arcsine transformation. Cer, ceramide; dhCer, dihydroceramide; GVBD, germinal vesicle breakdown; MbCD, methyl-b-cyclodextrin; Prog, progesterone; SMase, sphingomyelinase. 814 solution, lipid extracts were also prepared upon completion of 16-h period (Fig. 6A) . Sphingomyelin was isolated by bidimensional TLC and quantified after the method of Rouser et al. [41] . For comparative purposes, phospholipid phosphorus of other choline phospholipid, PC, was measured. No changes were registered in the content of oocyte SM until 9 h of treatment with SMase. Sphingomyelin levels significantly decreased (30%) after 16 h of enzymatic incubation (Fig.  6A) . On the other hand, no differences were detected in PC content during incubation (Fig. 6B) , thus indicating that sample processing time did not alter its level. Even when different maturation levels could be registered at the 9-h time point of SMase incubation (Fig. 5, C and D) , no changes were detected in SM content of total lysates at this time point (Fig. 6A) , probably because a minor extent of SM hydrolysis at the plasma membrane is sufficient to trigger the maturation signal.
Effect of Maturation on the Localization of Molecular Raft Markers in Membrane Fractions
To differentiate previously reported effects at the membrane level attributed to MbCD [32] from those triggered by progesterone action, the involvement of caveolin-1, SRC, and GM1 in the maturation process was studied in membrane fractions isolated from ovarian oocytes untreated and treated with progesterone (Fig. 7) . Both under control conditions and after hormone incubation, caveolin-1 was enriched in L fraction, while SRC remained concentrated in L and H fractions (Fig. 7A) . Unlike the effects caused by MbCD [32] , meiosis reinitiation induced by progesterone did not alter the localization of caveolin-1 and SRC among membrane fractions (Fig. 7A) . GM1 distribution showed a similar behavior in membranes isolated from control oocytes as well as in those isolated from oocytes treated with the hormone (Fig. 7, B and C). After hormonal stimulation, the L membrane was still enriched in GM1 with respect to the other membrane fractions.
As to ceramide-induced maturation, the distributions of caveolin-1 and SRC among membrane fractions changed significantly (Fig. 8A) . Under control conditions (dhCer), caveolin-1 was markedly enriched in L fraction. After ceramide incubation, the signal was found to be distributed between L and H fractions. Even though the L fraction was still enriched in caveolin-1, an increase in the signal was observed in the H fraction. As to SRC, the signal showed a similar level of expression in L and H fractions from immature oocytes, while after ceramide incubation, a clear increase in the signal was registered in H fraction concomitantly with a significant decrease in L fraction. In other words, contrary to what was observed with progesterone, in which integrity of microdomains is expected to be preserved, ceramide treatment affects the distribution of raft markers in membrane fractions (Fig. 7) . These results suggest that ceramide acts differently from the steroid hormone at the plasma membrane level.
After oocytes were incubated with ceramide, the GM1 profiles changed among membrane fractions (Fig. 8, B and C) . Under the experimental condition, GM1 was not enriched in L fraction. The similarities observed between GM1 contents in L and H fractions are indicative of either a decrease in L level or an increase in H level or, probably, the occurrence of both. This behavior agrees with the above-mentioned variations found in the localization of caveolin-1 and SRC, and it is also compatible with a possible disorganization of the domains generated by ceramide incubation. On the other hand, GM1 levels of H and EH fractions obtained from oocytes incubated with dhCer were found to be higher than those determined under the other basal condition assayed (Fig. 7C) . The possibility that GM1 increases during incubations with dhCer or ceramide (24-h incubation), even when it requires further analysis, should therefore not be discarded. In this respect, it has been proposed that the GM1 increase in chromaffin cells could result from the de novo synthesis of GM1 during the period of stimulation with nicotine [47] . Higher levels of GM1 under the reference condition could indicate that dhCer is not an optimal negative control of ceramide, as it can be inferred from its recent incorporation into the family of bioactive sphingolipids [49] .
Progesterone-Induced MAPK Phosphorylation in Oocyte Caveolae-Like Membranes and Inhibition of TyrosineKinase Activity
Before GVBD, there is a marked increase in protein kinase activity and protein phosphorylation in the oocyte [6] . We analyzed the effect of tyrosine kinase and SRC inhibition on maturation and MAPK activation, and we evaluated the involvement of caveolae-like membranes in progesterone signaling pathway. Tyrosine phosphorylation was studied in whole oocytes by using an antibody that recognizes phosphotyrosine residues (anti-pTyr) and incorporating orthovanadate as the phosphatase inhibitor into the homogenization buffer. MAPK cascade was examined under different experimental conditions by analyzing activation of p42 MAPK with antipERK1/2 antibody. In order to describe a phosphorylation pattern, we performed a time-response assay. Oocytes treated with 25 mM of MbCD were incubated with progesterone for 2, 4, 6, 8, and 16 h to evaluate the effect of cholesterol depletion on tyrosine phosphorylation and MAPK activation during 
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progesterone-induced maturation (Fig. 9A) . Phosphorylation profiles showed a band of ;40 kDa, identified as p42 MAPK, taking into account its molecular mass and behavior. Progesterone incubation stimulated tyrosine phosphorylation, in particular that of p42 MAPK, after 8 h of hormone treatment (Fig. 9A, top panel) . MbCD treatment delayed phosphorylation of this protein, whose signal began to appear at 16 h of incubation with the hormone. This effect was also analyzed with a specific antibody against pERK (Fig. 9A, middle panel) . At 4 h of incubation with the hormone, there began to appear a faint signal, which gradually increased until 16 h. Furthermore, cholesterol depletion delayed the activation of MAPK, whose signal was observed after only 6 h. Altogether, these results are consistent with the inhibition of GVBD observed in MbCDtreated oocytes [32] . Figure 9A (right panels) shows that at the times and concentrations tested in this study, MbCD alone does not stimulate tyrosine phosphorylation or MAPK activation. When blots were stripped and reprobed with anti-MAPK1 to detect total levels of MAPK, comparable band intensities verified the fact that the differences detected with anti-pERK antibody were indicative of increased levels of pMAPK1.
To evaluate the role of tyrosine kinase in the maturation process, oocytes were incubated with genistein (100 lM and 300 lM), a universal inhibitor of tyrosine kinases. The control condition was assayed using daidzein as a negative control of genistein. After a 1-h preincubation with either the inhibitor or its inactive analogue, progesterone was added and incubated for increasing times (2, 4, 6, 8 , and 16 h). Control and experimental conditions showed similar MAPK activation profiles when oocytes were incubated at the lowest concentration (100 lM) (data not shown). At 300 lM of daidzein (Fig.  9B) , progesterone stimulated tyrosine phosphorylation, acti- 816 vating MAPK after 6 h of hormone treatment. The incubation of oocytes with 300 lM genistein inhibited progesteroneinduced phosphorylation of MAPK, showing a weak signal during a slower time course (Fig. 9B, top panel) . This was confirmed when MAPK activation was studied with anti-pERK antibody (Fig. 9B, middle panel) . In this case, genistein treatment resulted in a MAPK phosphorylation profile very similar to that observed with anti-pTyr. Compared to the control condition, MAPK phosphorylation signal appeared later and with less intensity.
To analyze the effect of inhibition of tyrosine kinase SRC on tyrosine phosphorylation and MAPK cascade activation during progesterone-induced maturation, oocytes were incubated with a SRC-specific inhibitor (Fig. 9C) . After 1-h preincubation in the absence or presence of SRC inhibitor, progesterone was added and incubated for increasing times. Treatment with SRC inhibitor delayed tyrosine phosphorylation (Fig. 9C, top panel) . Also, activation of MAPK evaluated with anti-pERK antibody revealed that in the presence of the inhibitor, phosphorylation signal appeared later (6 h) with respect to that of the control (4 h) (Fig. 9C, middle panel) .
In order to assess whether inhibitory effects on phosphorylation exert their influence on oocyte maturation, GVBD was analyzed in the presence of 300 lM genistein or SRC inhibitor (Fig. 9D) . Late activation of MAPK due to the effect of incubation with inhibitors was shown by a reduction in the percentage of maturation under both conditions. We observed, in fact, that genistein at 300 lM reduces the GVBD response by ;49%, while the SRC inhibitor causes a decrease of ;28%.
After studying the effect of diverse inhibitors on progesterone-induced phosphorylation in the whole oocyte, we found it necessary to analyze MAPK activation in oocyte membrane fractions. Thus, tyrosine phosphorylation and p42 MAPK activation were studied in membrane fractions isolated from immature and mature oocytes (Fig. 10A) . In the absence of progesterone, tyrosine phosphorylation showed a basal signal, particularly in the EH fraction. Plasma membrane H fraction showed mainly a band of ;40 kDa, corresponding to MAPK. Progesterone stimulated tyrosine phosphorylation in the three membrane fractions, and the appearance of pMAPK1 was shown in L membranes (Fig. 10A, top panel) . This behavior was confirmed when MAPK activation was analyzed with antipERK antibody (Fig. 10A, bottom panel) . In the absence of progesterone, a weak basal signal was associated with H and EH fractions. Phosphorylation signal appeared in the three membrane fractions of mature oocytes and gradually increased its intensity as a function of membrane density. Because EH membranes correspond to intracellular components of the oocyte and p42 MAPK is a protein that is originally considered cytoplasmic, the finding of a maximum signal associated with this fraction was thus expected. Mouse breast adenocarcinoma was used as positive control to identify this protein and to establish with greater certainty its association with the different fractions. Figure 10B summarizes the association of proteins of the MOS/MAP2K1/p42 MAPK cascade and the signal molecule HRAS with caveolae-rich membranes isolated from hormonally stimulated oocytes. The unidentified band (. 31   FIG. 9 . Effect of cholesterol depletion and tyrosine kinase inhibition on tyrosine phosphorylation and MAPK activation during progesterone-induced maturation. A) Full-grown ovarian oocytes untreated or treated with 25 mM MbCD were incubated with progesterone for increasing times (left panels) or treated with 25 and 50 mM MbCD and left in ND 96 solution until complete 16 h (right panels). B) Full-grown ovarian oocytes were preincubated with daidzein or genistein for 60 min. Progesterone was added and coincubation was carried out for increasing times. C) Full-grown ovarian oocytes were preincubated for 60 min in the absence or presence of a SRC inhibitor. Progesterone was added and coincubation was carried out for increasing times. Immunoblot detection of phospho-tyrosine residues was performed using a monoclonal anti-phosphotyrosine (pTyr) antibody and pMAPK1 was detected using a polyclonal anti-human pERK1/2 antibody. After pMAPK1 detection, membranes were stripped and reprobed with anti-rat MAPK1 to detect total levels of MAPK. Images were scanned, quantified by densitometry with ImageJ software (n ¼ 3) and compared with respect to control for each time point with the Student t-test. D) Effect of genistein or SRC inhibitor incubation on progesterone-induced maturation. Successful induction of meiosis reinitiation was verified in heat-fixed oocytes by GVBD. Percentages of maturation were analyzed using arcsine transformation. Results represent back-transformed mean values and back-transformed 95% CI (n ¼ 3 samples of 30 oocytes each). Asterisks indicate significant differences with respect to control (P , 0.01), compared with the Student t-test. Prog, progesterone; MbCD, methyl-b-cyclodextrin; GVBD, germinal vesicle breakdown.
kDa) detected with anti-pERK1/2 antibody (Fig. 10B, right  panel) was not visualized in immunoblots of whole oocytes.
An in vitro protein tyrosine kinase (PTK) assay was carried out in the presence of Mg 2þ /ATP in order to evaluate the functionality of tyrosine phosphorylation machinery in L membranes. Phosphorylated proteins were analyzed in L membranes isolated from immature oocytes, using anti-pTyr antibody. In all cases, fractions were prepared in the presence of the phosphatase inhibitor Na 3 VO 4 to preserve any endogenously phosphorylated substrate that might be present and/or to maintain eventual phosphorylation in time. Oocyte L membranes showed tyrosine kinase activity either in the presence or absence of progesterone (Fig. 11A, left panel) . After as little as 5 min of incubation at 308C, we detected two major phosphorylated proteins of ;85 and ;60 kDa. The intensity of bands and the number of phosphoproteins increased as a function of time (15-30 min) . After 30 min, tyrosine phosphorylation was visualized in proteins of ;214, ;100, ;85, ;60, ;55, ;40, and ;20 kDa. Phosphorylation of these substrates did not require the addition of hormone as the same profile was also observed in membranes incubated for 30 min in the absence of progesterone. These results suggest that active tyrosine kinases and multiple substrates are already organized in L membranes of immature Rh. arenarum oocytes.
Functionality of tyrosine phosphorylation in L fraction was analyzed in the presence of a SRC-specific inhibitor (Fig. 11B,  left panel) . Inhibition of tyrosine phosphorylation was noteworthy (30%) (Fig. 11, B and C) . On the other hand, zero time reaction stopped with Laemmli buffer revealed that practically no phosphorylated substrates could be detected under basal conditions and that the specificity of the antibody used was therefore optimal.
DISCUSSION
Light membranes from Rh. arenarum oocytes are enriched in cholesterol and in a 21-kDa caveolin [32] . The latter proteins are characteristic components of specialized regions of the plasma membrane known as caveolae [50, 51] . Current thinking about the nature of membrane rafts focuses on the role of proteomics and lipidomics in understanding the structure of these domains [52, 53] . The identification of an L-associated protein band as a nonmuscle myosin heavy chain by MS/MS (Table 1) suggests that myosins do interact with the plasma membrane, particularly with low-density membrane domains. Even when there are no known myosin ''receptors'' or membrane docking proteins, other forms of myosins associate with the membrane through negatively charged phospholipids [54] . With the use of myoblasts as a model system, it was found that nonmuscle myosin IIA (NMIIA) is more tightly associated with the plasma membrane than NMIIB [55] . This is in line with our results obtained using the MSDB. Proteomic analysis revealed that a subset of DRM from neutrophil plasma membranes associate with cytoskeletal proteins such as NMIIA and myosin-1G [56] . In addition, two nonmuscle myosin isoforms (IIB and Va) were identified as components of DRM fractions derived from mouse forebrain [57] .
Apart from the enzymatic and structural roles of NMII, this protein has recently been found to be involved in anchoring signaling molecules, such as kinases and Rho GTPase guanine nucleotide exchange factors [46] . Furthermore, myosin IIA and IIB have been found to show differential expression during meiotic maturation and fertilization in mouse oocytes [58] . Recent research has reported evidence for the involvement of NMII in actin-dependent vesicle transport in clam oocytes, with implications in meiosis [59] . On the other hand, it has been reported that a X. laevis NMII heavy chain isoform is phosphorylated by Cdc2 kinase during meiosis [60] . Growing evidence also suggests that raft/caveolae-cytoskeleton interaction plays a key role in cellular events that depend on cytoskeleton, particularly on the regulation of biomechanical properties of the cell [61, 62] . The direct involvement of the cytoskeletal network is consistent with a corral-like environment that is formed by barriers to lateral diffusion of lipids and proteins and is lost upon disruption of the underlying 818 cytoskeleton [63] . Progress in the identification of new linkers between membrane rafts and the cytoskeleton is central. In light of the importance that started to be awarded to nonmuscle myosins, further experiments should elucidate membranerelated events mediated by the cytoskeleton as well as the role of these proteins in oocyte maturation.
Gangliosides form complexes with specific functional proteins and participate in receptor-mediated signaling [64] . GM1 ganglioside is located mainly in membrane rafts together with a great part of SM and cholesterol [42, 48] . Results of the GM1 presence in Rh. arenarum membrane fractions showed that the ganglioside is located primarily in L and H plasma membrane fractions. In addition, the statistically significant enrichment of GM1 in L membranes with respect to that in the other membrane fractions means that GM1 is a good raft marker in Rh. arenarum oocytes (Fig. 2) . Similarly, enrichment in GM1 was registered in low-density membranes [23, 37] and DRM [28] isolated from X. laevis oocytes. Still, except for the work of Luria et al. [37] , it is unclear whether Sadler [23] and Sato et al. [28] used equivalent amounts of membrane protein to make a proper comparison. As to the effect of cholesterol depletion on GM1 levels, L fraction registered a decrease of ;19%, and no differences were evident in the other membrane fractions (Fig. 3) . In this respect, it has been demonstrated that cholera toxin B subunit in association with its receptor, GM1, can be internalized via caveolae/rafts [48] and that MbCD may remove gangliosides, although this is related to high MbCD concentrations [65] . In addition, disruption of caveolae by MbCD led to the mobilization of GM1 and caveolin-1 from the plasma membrane to the cytoplasm in A431 cells [66] .
GM1 associates with complexes formed by uroplakin proteins and contributes to SRC-dependent activation of X. laevis eggs [27] . The compositional analysis of gangliosides in early embryogenesis of Rh. arenarum showed that GM1 and GM2 are the predominant species in gastrula embryos [67] . GM1 is differentially expressed by embryo cells and participates in morphogenetic processes, probably assembling and organizing extracellular proteins that are essential for normal gastrulation [67] . Recently, it has been demonstrated that glycosphingolipids are involved in convergence and extension movements during early development of X. laevis [68] .
Tight interactions between sphingolipids and cholesterol lead to the formation of a more ordered lipid domain with respect to the surrounding bulk membrane [69] . In agreement with enrichment in cholesterol and the significant levels of SM previously registered in this fraction [32] , the analysis of the biophysical state of oocyte membrane fractions revealed that L fraction shows a higher lipid order with respect to that of H. Similarly, phase behavior analysis showed that H membranes from X. laevis oocytes are more disordered than L membranes [37] . The treatment of oocytes with MbCD caused an increase in lipid disorder in L fraction, whereas H fraction underwent a decrease in membrane fluidity (Fig. 4) . These results are consistent with the decrease in cholesterol level registered in L fraction and correlate with the relocation of caveolin-1 and SRC, which move toward heavier fractions after treatment with MbCD [32] . As a result, both of the plasma membrane fractions become more similar in their biophysical state.
We also demonstrated that ceramide is an effective maturation inducer that alters the distribution of caveolin-1, SRC, and GM1 to the nonraft membrane fraction with higher density (Fig. 8 ). Data were confirmed by the fact that SMase incubation of oocytes caused induction of GVBD, reaching a level similar to that of progesterone but with slower dynamics (Fig. 5C ). In contrast, progesterone seemed not to affect 
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membrane microdomain integrity as no differences were found in the localization of raft markers with respect to that under control conditions (Fig. 7) . Ceramide seemed to induce maturation by acting differently on the plasma membrane with respect to the steroid hormone. In agreement with these results, it was concluded that progesterone binding leads to a transient dose-dependent decrease in membrane fluidity (increase in order parameter) of the R. pipiens oocyte plasma membrane [70, 71] . Altogether, these results suggest that structurally functional membrane microdomains take part in progesteroneinduced meiotic resumption. Cholesterol depletion was observed to have a greater effect on ceramide-induced maturation (Fig. 8B) than that triggered by progesterone [32] , thus suggesting that ceramide is an inducer more vulnerable to changes in the membrane. Progesterone as a physiological inducer binds to its membrane receptor, while ceramide, due to its lipid nature, must interact more intimately with the plasma membrane. Redistribution and shift to the H membranes induced by ceramide in the localization of caveolin-1 and SRC have some similarities with the profile shown after MbCDmediated cholesterol depletion [32] . Megha and coworkers [72, 73] reported that ceramide selectively displaces cholesterol from membrane rafts. Competition between ceramide and cholesterol for interaction with other raft lipids has also been reported by other studies [74, 75] . Interestingly, this behavior was demonstrated for both natural and synthetic ceramides [72] . It has been proposed that cholesterol released from rafts enters a pool that is relatively rapidly internalized [72] . The use of SMases promotes displacement of cholesterol from plasma membrane and DRM [76, 77] . Recent research conducted in model membranes indicates that alterations produced by ceramide are dependent on the membrane composition, specifically cholesterol content [78] . Cholesterol displacement by ceramide may bring about important consequences in raft structure and function, altering both physical properties and molecular composition. Protein association with rafts may be affected, particularly in the case of proteins linked to cholesterol, such as caveolin-1.
Human progesterone receptor interacts with SRC and mediates its rapid activation as well as that of downstream MAPK stimulation [79] . Most vertebrate cells express two very similar ERK-family MAPK, the p42 or MAPK1 protein and the p44 or ERK1 protein. Immunologic evidence indicates that X. laevis somatic cells also express both p42 and p44, while oocytes and early embryos express only p42 [80] . In the present study, we evaluated the role of membrane microdomains in signaling pathways of meiotic maturation by means of the analysis of particularly MAPK cascade. In agreement with GVBD inhibition, it was observed that MbCD treatment delays p42 MAPK activation in progesterone-induced maturation (Fig. 9A) . Under our experimental conditions, MbCD alone was found not to stimulate tyrosine phosphorylation or MAPK activation. Thus, even though it cannot be concluded whether or not the tyrosine kinase-dependent signal is a specific target of MbCD treatment, the drug reduces the activity of tyrosine kinases. This loss of MbCD-mediated tyrosine kinase activity has also been reported in several cell systems [28, 81] .
Oocyte incubation with a universal inhibitor of tyrosine kinases (genistein) significantly decreased tyrosine phosphorylation and delayed MAPK activation (Fig. 9B) . Similar results were recorded when SRC tyrosine kinase inhibition was analyzed. These effects were visibly suggested by GVBD inhibition (Fig. 9D) . Progesterone seems to involve more than one functional signaling pathway to induce maturation [7, 8] . This explains the reason why the inhibition of only one pathway does not fully block this process. In agreement with results for the whole system, membrane fractions from progesterone-matured oocytes showed an increase in tyrosine phosphorylation and activation of MAPK pathway (Fig. 10A) . Signal increase mainly in EH membranes was expected given the preferentially cytoplasmic localization of MAPK. However, the appearance of the signal corresponding to the p42 pMAPK in L membranes after hormonal treatment was noteworthy. On the other hand, there is increasing evidence showing compartmentalization of ERK family proteins in caveolae [82, 83] . It also has been reported that caveolin scaffolding domain contains motifs that bind signal molecules such as the MAPK [84] .
When functionality of the tyrosine phosphorylation machinery in L membranes was evaluated by a protein kinase assay in vitro, it could be concluded that multiple substrates and active tyrosine kinases are already organized in lowdensity membranes of the immature oocyte. Tyrosine phosphorylation decreased when incubated with the SRC kinasespecific inhibitor, thus indicating the presence of functional SRC tyrosine kinases in L membranes (Fig. 11, B and C) . The fact that a protein kinase assay was performed in vitro with L membranes isolated from immature oocytes and that the phosphorylation signals were similar, either in the presence or absence of progesterone, raises the possibility that the hormone receptor is located in the nonraft membrane in the absence of ligand and that it translocates to the caveola when it binds to progesterone. This behavior has been observed in several receptors in the presence of their agonists including kinin B(1) receptor and m2 muscarinic acetylcholine receptor [85, 86] . On the other hand, a conserved nine-amino acid motif in the binding domains of estrogen, progesterone, and androgen receptors appears to mediate palmitoylation and association with caveolin-1 [87] . It has been proposed that the receptors that remain in or are recruited to rafts following ligand binding are much more dependent on raft integrity for function than those that exit rafts upon ligand binding [85] .
As to HRAS, localization in caveolae has been reported [88, 89] . Similarly, an enrichment of RAS in low-density membranes [23] and in DRM [28] from X. laevis oocytes was reported. Furthermore, the use of a detergent-free protocol for the isolation of caveolar microdomains has shown that HRAS cofractionates with caveolin and that membraneassociated caveolin preferentially interacts with the inactive form of HRAS [22] . In addition, it was concluded that HRAS is not localized in the plasma membrane of cells deficient in caveolin-1 but in the plasma membrane of cells expressing caveolin-1 [90] . In X. laevis, RAS appeared to be involved in the induction of maturation through the SRC/RAS/MAPK pathway [20] .
Our research provides evidence regarding the interaction of a nonmuscle myosin heavy chain with caveolar membranes of Rh. arenarum oocytes. Further analysis of the role of membrane-related myosins in oocyte maturation will contribute to better understanding the assembling of cell membrane components in signaling complexes. Taken together, findings from our study demonstrate that MbCD-mediated cholesterol depletion affects the biophysical state of oocyte membranes and localization of the lipid raft marker GM1, which is compatible with a disorganization of membrane rafts. In Rh. arenarum oocytes, ceramide is also an effective maturation inducer with a strong impact on the membrane structure, as shown by the redistribution and shift of the raft markers caveolin-1, SRC, and GM1 to H membranes. In contrast, progesterone seems not to affect membrane microdomain integrity. In agreement with the inhibition of GVBD observed 820 in MbCD-treated oocytes [32] , cholesterol depletion delayed p42 MAPK activation in progesterone-induced maturation, thus highlighting the involvement of membrane rafts.
The presence of caveolin-1, GM1, SRC, and HRAS and the finding of signaling molecules from the MAPK cascade, such as MAP2K1 and p42 MAPK, functionally associated with oocyte L membranes, indicate that this fraction enriched in caveolae-like microdomains may efficiently recreate, in part, maturation signaling.
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